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A l l  f o s s i l  f u e l s  ( excep t  most n a t u r a l  g a s )  c o n t a i n  s u l f u r .  When t h e s e  
f u e l s  a r e  combusted, t h e  s u l f u r  p re sen t  i s  r e l e a s e d  i n t o  t h e  atmosphere 
c o n t r i b u t i n g  t o  a i r  p o l l u t i o n  i n  t h e  form of "acid rain."  
s t anda rds  have a l r e a d y  placed s t r i c t  l i m i t a t i o n s  on t h e  amounts of s u l f u r o u s  
a i r  emissions a l lowed ,  and t h e s e  r e g u l a t i o n s  may well become even more 
s t r i n g e n t  in t h e  f u t u r e .  There is t h e n  a need and a n  i n c e n t i v e  t o  l i m i t  
s u l f u r o u s  emis s ions  r e s u l t i n g  from t h e  combustion of f o s s i l  f u e l s .  The 
c u r r e n t  technology focuses  on s u l f u r  removal achieved du r ing  o r  a f t e r  
combustion. A t  t h i s  t ime t h e r e  i s  no c o s t  e f f e c t i v e  technology t h a t  can 
d e s u l f u r i z e  f u e l  p r i o r  t o  combustion. 

Current  a i r  q u a l i t y  

The c o s t  of d e s u l f u r i z a t i o n  equipment c u r r e n t l y  used t o  remove s u l f u r  

1 dur ing  and/or  a f t e r  combustion, t he  problems a s s o c i a t e d  with maintaining t h a t  
equipment, and d i s p o s i n g  of t h e  copious q u a n t i t i e s  of su l fu rous  wastes 
gene ra t ed  by t h e s e  p rocesses  a r e  expenses and problems t h a t  i n d u s t r y  and t h e  
u t i l i t i e s  would p r e f e r  t o  avoid.  I f  c l e a n  low-sulfur  f u e l  ( o t h e r  than n a t u r a l  
g a s )  could be made a v a i l a b l e ,  then f u e l  u s e r s  could avoid t h e s e  concerns.  
Although t h e r e  a r e  n a t u r a l l y  occur r ing  sources  of low-sulfur o i l  and c o a l ,  
t h e s e  high-qual i ty  f u e l s  a r e  n o t  abundant enough t o  s e r v e  a l l  of  t h e  world 's  
energy needs. B i o l o g i c a l  processes  occur  under very mild r e a c t i o n  c o n d i t i o n s  
compared to  chemical  r e a c t i o n s ,  so i t  is hoped t h a t  i f  a s u i t a b l e  means of 
d e s u l f u r i z i n g  f u e l s  u s ing  b i o l o g i c a l  systems can be found, t h e n  economically 
f a v o r a b l e  pre-combustion f u e l  d e s u l f u r i z a t i o n  processes  w i l l  r e s u l t .  

,, 

It has been known f o r  many yea r s  t h a t  a c i d i c  d ra inage  a s s o c i a t e d  with 
c o a l  mines o r  c o a l  s t o r a g e  p i l e s  i s  t h e  r e s u l t  of mic rob ia l  o x i d a t i o n  of 
s u l f u r  in c o a l ,  which produces s u l f u r i c  ac id .  This mic rob ia l  d e s u l f u r i z a t i o n  
of c o a l  i s  almost  comple t e ly  l i m i t e d  t o  t h e  i n o r g a n i c  forms of s u l f u r  ( p y r i t e )  
found i n  c o a l  and is accomplished by t h e  a c t i o n  of we l l ,  c h a r a c t e r i z e d  
b a c t e r i a :  T h i o b a c i l l u s  f e r r o o x i d a n s ,  Th iobac i l l u s  th ioox idans ,  and 
Sulfolobus a c i d o c a l d a r i u s .  The mic rob io log ica l  removal of s u l f u r  from c o a l  
h a s  been shown t o  b e  capab le  of removing 90% or more of t h e  i n o r g a n i c  s u l f u r ,  
wh i l e  t h e  m i c r o b i o l o g i c a l  removal of o rgan ic  s u l f u r  from coa l  is c e r t a i n l y  
l e s s  complete and i s  l e s s  well-documented. More t h a n  90% of t h e  t o t a l  s u l f u r  
must be removed f o r  any pre-combustion coa l  d e s u l f u r i z a t i o n  process  t o  o b v i a t e  
t h e  need f o r  subsequent  d e s u l f u r i z a t i o n .  Therefore ,  t h e  focus of c u r r e n t  
r e sea rch  concerning t h e  mic rob io log ica l  removal of s u l f u r  from c o a l  c e n t e r s  on 
t h e  removal of o r g a n i c  s u l f u r .  

Ino rgan ic  s u l f u r  g e n e r a l l y  e x i s t s  in c o a l  in t h e  form of d i s c r e t e  
p a r t i c l e s  or c r y s t a l s  of py r i t e ; .whereas  o rgan ic  s u l f u r  occur s  a s  a n  i n t e g r a l  
p a r t  of t h e  molecular  c o a l  ma t r ix  and i s  not  r e a d i l y  a c c e s s i b l e  f o r  mic rob ia l  
a t t a c k .  
removal of o rgan ic  s u l f u r  from coa l  - w h i l e  r e t a i n i n g  t h e  f u e l  va lue  of t h a t  
c o a l  - i s  a most d i f f i c u l t  g o a l  indeed. What is needed a r e  microorganisms 
t h a t  have a n  a f f i n i t y  f o r  c l e a v i n g  carbon-sulfur  bonds,  t h a t  is, 
microorganisms capab le  of s u l f u r - s p e c i f i c  metabolism of o rgan ic  compounds. 

The g o a l ,  t h e n ,  of developing a mic rob io log ica l  'process f o r  t h e  
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Enrichment c u l t u r e  techniques  a r e  t y p i c a l l y  used  t o  i s o l a t e  microorgan- 
i s m s  wi th  d e s i r e d  t r a i t s ,  and t h e  s e a r c h  f o r  microorganisms capab le  of o rgan ic  
s u l f u r  removal from c o a l  is no except ion .  The chemical d ibenzoth iophene  (DBT) 
is gene ra l ly  regarded as a good model compound r e p r e s e n t a t i v e  of o r g a n i c  
s u l f u r  found in c o a l ;  i t  is used as t h e  s u b s t r a t e  of choice  in most enrichment 
c u l t u r e  experiments.  
mic rob ia l  degrada t ion  of DBT t h a t  have been proposed. 
o u t l i n e d  in Figure  1. Pathway A ( t h e  sulfoxide/sulfone/sulfonate/sulfate "45" 
pathway) is t he  s u l f u r - s p e c i f i c  me tabo l i c  pathway t h a t  r e s u l t s  in t h e  removal 
of s u l f u r  from DBT, whi le  l eav ing  t h e  carbon i n t a c t .  Pathway B is a carbon- 
d e s t r u c t i v e  metabol ic  pathwa which r e s u l t s  in t h e  o v e r a l l  deg rada t ion  of 
DBT. Numerous have a t t empted  t o  i s o l a t e  o r  deve lop  mic rob ia l  
c u l t u r e s  t h a t  can  metabol ize  o r  co-metabolize DBT. A summary of t h e  publ i shed  
resul ts  of t h e s e  a t t empt s  t o  i s o l a t e  DBT-utilizing c u l t u r e s  is presen ted  in 
Table 1. The n e a r l y  u n i v e r s a l  expe r i ence  has  been the i s o l a t i o n  of micro- 
organisms t h a t  metabol ize  DBT by t h e  ca rbon-des t ruc t ive  pathway. The 
impl i ca t ion  is t h a t  t h e  methods of s c reen ing  b a c t e r i a l  c u l t u r e s  and of 
performing enrichment c u l t u r e  exper iments  may be i n a p p r o p r i a t e  and i n  need of 
r ev i s ion .  
claimed t o  metabol ize  DBT v i a  Pathway A e x c l u s i v e l y ,  do n o t  g i v e  any  
i n d i c a t i o n  of a novel c u l t u r e  enrichment procedure  o r  o f f e r  an example of how 
t o  purposefu l ly  i s o l a t e  microorganisms wi th  s u l f u r - s p e c i f i c  metabol ic  
c a p a b i l i t i e s .  

There are two fundamenta l ly  d i f f e r e n t  pathways f o r  t h e  
Both pathways are 

The publ i shed  r e p o r t s  concern ing  CB1 ,6  t h e  only  b a c t e r i a l  s t r a i n  

There a r e  s e v e r a l  major r e sea rch  needs t h a t  can  c l e a r l y  be i d e n t i f i e d  a t  
t h i s  t i m e .  
cha rac t e r i zed  microorganisms is i n s u f f i c i e n t  t o  warran t  process  development a t  
t h i s  t i m e ,  t h e r e  is a need t o  i d e n t i f y  new microorganisms t h a t  have s u l f u r -  
s p e c i f i c  degrada t ion  a b i l i t i e s  toward t h e  f u l l  a r r a y  of su l fu r - con ta in ing  
o rgan ic  molecules.  Toward t h e  i s o l a t i o n  o f  new b a c t e r i a l  s t r a i n s  w i t h  
a p p r o p r i a t e  d e s u l f u r i z a t i o n  a c t i v i t i e s ,  t h e r e  is a need f o r  a convenient  and 
powerful s t r a i n  s e l e c t i o n  technique  r a t h e r  t han  r e l y i n g  on l a b o r i o u s  c u l t u r e  
sc reen ing  techniques .  There a l s o  e x i s t s  a need t o  compare t h e  c u l t u r e s  and 
t h e  r e s u l t s  ob ta ined  from d i f f e r e n t  l a b o r a t o r i e s  concern ing  mic rob ia l  
d e s u l f u r i z a t i o n .  
r e sea rche r s ,  u s ing  d i f f e r e n t  microorganisms, d i f f e r e n t  s u b s t r a t e s ,  and 
d i f f e r e n t  growth/ reac t ion  cond i t ions .  
documented d e s u l f u r i z a t i o n  a b i l i t i e s  are in need of s t r a i n  improvement and 
techniques  t o  conven ien t ly  monitor t h e  p rogres s  of s t r a i n  improvement e f f o r t s .  
L a s t l y ,  t h e r e  is a need f o r  b e t t e r  a n a l y t i c a l  t echniques  t o  assess t h e  removal 
of o rgan ic  s u l f u r  from c o a l ,  as t h e  e x i s t i n g  methods of phys ica l /chemica l  
a n a l y s i s  of s u l f u r  by type  in c o a l  a r e  c o s t l y ,  time consuming, and n o t  
p a r t i c u l a r l y  a c c u r a t e  - e s p e c i a l l y  r ega rd ing  t h e  o rgan ic  s u l f u r  in coal .  All 
of these  r e sea rch  needs  can  be se rved  by t a k i n g  advantage of t h e  f a c t  t h a t  a l l  
l i v i n g  organisms r e q u i r e  s u l f u r  f o r  growth. 

S ince  t h e  r a t e  and e x t e n t  of o rgan ic  s u l f u r  removal from c o a l  by 

We need a way t o  normal ize  t h e  r e s u l t s  ob ta ined  by d i f f e r e n t  

E x i s t i n g  s t r a i n s  of b a c t e r i a  wi th  

Enrichment c u l t u r e s  can  be  e s t a b l i s h e d  t o  i s o l a t e  microorganisms t h a t  
possess  an  a r r a y  of c h a r a c t e r i s t i c s  r e f l e c t i v e  of t h e  i n c r e d i b l e  d i v e r s i t y  
p re sen t  in t h e  mic rob ia l  kingdom. The c h a l l e n g e  is t o  manipula te  t h e  c u l t u r e  
cond i t ions  such t h a t  a very  powerful s e l e c t i v e  p re s su re  e x i s t s  f avor ing  only  
those  microorganisms t h a t  possess  t h e  d e s i r e d  t r a i t ;  then  a l l  t h a t  remains is 
t o  provide  a s u i t a b l e  inoculum and a l low t h e  s e l e c t i v e  p re s su re  and t h e  
" su rv iva l  of t h e  f i t t e s t "  t o  i n t e r a c t  and a l low o n l y  those  microbes t h a t  
possess  t h e  d e s i r e d  c h a r a c t e r i s t i c  to  predominate in t h e  enrichment c u l t u r e .  
Enrichment c u l t u r e s  are  s t a r t l i n g l y  s imple  in theory .  
degraded is supp l i ed  as t h e  growth- l imi t ing  source  o f  an  e s s e n t i a l  n u t r i e n t ,  

The compound t o  be 
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w h i l e  a l l  o t h e r  growth requirements  a r e  supp l i ed  in abundance. 
such  cond i t ions  f a v o r s  t h o s e  microorganisms t h a t  posses s  deg rada t ive  
a c t i v i t i e s  toward t h e  t a r g e t  compound -whereby t h e  "appropriate"  micro- 
organisms should outgrow a l l  " inappropr i a t e "  compe t i to r s  and r a p i d l y  come t o  
dominate t h e  c u l t u r e .  A growth l i m i t a t i o n  can be achieved by removing, 
r educ ing ,  s u b s t i t u t i n g ,  o r  a l t e r i n g  any e s s e n t i a l  n u t r i e n t ;  however, in 
p r a c t i c e  i t  is u s u a l l y  on ly  t h e  carbon source t h a t  is manipulated i n  en r i ch -  
ment c u l t u r e  experiments .  That a l s o  seems t o  be t h e  c a s e  f o r  enrichment 
c u l t u r e  experiments r epor t ed  f o r  t h e  i s o l a t i o n  of microorganisms with t h e  
a b i l i t y  t o  d e s u l f u r i z e  DBT o r  t h e  o rgan ic  s u l f u r  in c o a l .  It would be much 
more t o  t he  po in t  to  e s t a b l i s h  enrichment c u l t u r e s  u t i l i z i n g  DBT a s  t h e  
growth-l imit ing source  of s u l f u r .  

Growth under 

Enrichment c u l t u r e  experiments  were c a r r i e d  o u t  a t  t he  I n s t i t u t e  of Gas 
Technology (IGT) in two ways: t r a d i t i o n a l  shake f l a s k  enrichment c u l t u r e s  and 
s u l f u r - l i m i t e d  chemostats .  A s u l f u r - l i m i t e d  chemostat  is a cont inuous c u l t u r e  
b a c t e r i a l  growth experiment  in which a l l  of t h e  n u t r i e n t s ,  except  s u l f u r ,  t h a t  
a r e  needed f o r  growth a r e  supp l i ed  in abundance, and s u l f u r  is supp l i ed  in t h e  
form of c o a l  o r  o r g a n i c  chemicals.  The use  of  t r a d i t i o n a l  shake f l a s k  en r i ch -  
ment c u l t u r e  techniques r e s u l t e d  in t h e  i s o l a t i o n  of a Pseudomonas s p e c i e s ,  
des igna ted  TG-232, which is capable  of co -me tabo l i z ing  DBT while growing a t  
t h e  expense of naphthalene.  The s u l f u r - l i m i t e d  c o a l  chemostat r e s u l t e d  in t h e  
i s o l a t i o n  of a mixed b a c t e r i a l  c u l t u r e ,  des igna ted  IGT-S7, capab le  of co- 
metabol iz ing DBT wh i l e  growing a t  t h e  expense of g lucose ,  s u c c i n a t e ,  o r  
benzoic  ac id .  The b a c t e r i a l  m e t a b o l i t e s  of DBT produced by TG-232 and IGT-S7 
were i d e n t i f i e d  by g a s  chromatography and mass spectrometry (GC/MS). The 
r e s u l t s  from t h e s e  a n a l y s e s  a r e  p re sen ted  i n  Table  2. It can r e a d i l y  be seen  
t h a t  TG-232 me tabo l i zes  DBT by t h e  ca rbon-des t ruc t ive  Pathway B, whi le  IGT-S7 
is capable  of s u l f u r - s p e c i f i c  metabolism, which removes s u l f u r  from DBT and 
l e a v e s  t h e  carbon i n t a c t .  Su l fu r - l imi t ed  chemostats  appear  t o  be a u se fu l  
t o o l  f o r  t h e  pu rpose fu l  i s o l a t i o n  o f  microorganisms w i t h  s u l f u r - s p e c i f i c  
metabol ic  c a p a b i l i t i e s .  

Growth of c u l t u r e s  i n  a s u l f u r - l i m i t e d  medium is no t  only u s e f u l  f o r  t h e  
s e l e c t i o n  of microorganisms bu t  a l s o  t h e  s u l f u r  requirement  of a l l  micro- 
organisms f o r  growth can be used a s  t h e  b a s i s  of a q u a n t i t a t i v e  s u l f u r -  
s p e c i f i c  bioassay by c o r r e l a t i n g  b a c t e r i a l  growth t o  substrate ,metabol ism.  A 
b ioassay  can d e t e c t  s u l f u r  u t i l i z a t i o n  from o r g a n i c  s u b s t r a t e s  more e a s i l y  and 
with g r e a t e r  s e n s i t i v i t y  than  phys ica l / chemica l  ana lyses .  
bioassay can be used t o  compare the  r e s u l t s  of d i f f e r e n t  b a c t e r i a l  s t r a i n s  
a c t i n g  on d i f f e r e n t  s u b s t r a t e s .  
o rgan ic  s u b s t r a t e s  t o  t h e  r a t e  and e x t e n t  of growth observed can be a 
u n i v e r s a l l y  a p p l i c a b l e  method u s e f u l  in normalizing t h e  d a t a  ob ta ined  from 
eve ry  r e sea rche r  in t h e  f i e l d  of mic rob ia l  d e s u l f u r i z a t i o n  of coa l .  

Moreover, a 

A b ioas say  r e l a t i n g  s u l f u r  metabolism of 

Because a l l  l i f e  r e q u i r e s  some amount of s u l f u r  f o r  growth, a s i t u a t i o n  
can be  c r e a t e d  such t h a t  by quan t i fy ing  b a c t e r i a l  growth one can q u a n t i f y  t h e  
u t i l i z a t i o n  of any o r g a n i c  o r  i n o r g a n i c  compound a s  a source of s u l f u r .  
work funded by t h e  U.S. Department of Energy, I G T  developed a s u l f u r  bioassay 
t o  do j u s t  t h a t .  An i n o r g a n i c  s u l f a t e  is u s u a l l y  t h e  form in which s u l f u r  is 
supp l i ed  i n  a b a c t e r i a l  growth medium. S i m i l a r l y ,  va r ious  o rgan ic  s u l f u r  
compounds can be t e s t e d  f o r  t h e i r  a b i l i t y  t o  s e r v e  a s  sou rces  of s u l f u r  f o r  
b a c t e r i a l  growth. Growth curves of IGT-S7 w i t h  g lucose  se rv ing  a s  a carbon 
Source and va r ious  s u l f u r  sou rces  (no th ing ,  s u l f a t e ,  DBT, and t r i t h i a n e )  a r e  
p re sen ted  i n  Figure 2.  These cu rves ,  which c o n s t i t u t e  s u l f u r  b i o a v a i l a b i l i t y  
a s s a y s ,  i l l u s t r a t e  s e v e r a l  po in t s .  The no - su l f a t e  c o n t r o l  shows some growth 
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because t r a c e  amounts of s u l f u r  a r e  p re sen t  in t h i s  medium, b u t  t h i s  growth i s  
comparat ively slow and e s s e n t i a l l y  complete a f t e r  24 hours .  The experiment  
t h a t  con ta ins  s u l f a t e  shows extremely r a p i d  growth t h a t  i s  l a r g e l y  complete 
wi th in  8 hours.  
t r i t h i a n e  a s  s u l f u r  sou rces ,  about 78 hours a r e  r equ i r ed  t o  a t t a i n  maximal 
growth. In spec t ion  of t h e s e  growth cu rves  r e v e a l s  t h a t  t h e  b a c t e r i a l  c u l t u r e s  
t h a t  con ta in  DBT o r  t r i t h i a n e  grow a t  approximately t h e  same r a t e  a s  the no- 
s u l f a t e  c o n t r o l  f o r  t h e  f i r s t  24 hours .  This s u g g e s t s  t h a t  DBT and t r i t h i a n e  
a r e  not  u t i l i z e d  apprec i ab ly  a s  s u l f u r  sources  u n t i l  t h e  t r a c e  amounts of 
s u l f u r  compounds p resen t  in t h e  medium have been exhausted. h e r e a f t e r ,  a 
s low r a t e  of growth con t inues  a t  t h e  expense of t h e  o rgan ic  s u l f u r  compounds. 
Moreover. t h e r e  i s  no pronounced l a g  in t h e  growth cu rves  of t h e  DBT o r  t h e  
t r i t h i a n e  c u l t u r e s  a f t e r  24 hours  co inc id ing  wi th  t h e  exhaust ion of t h e  t r a c e  
s u l f u r  in t h e  medium. This imp l i e s  t h a t  no l eng thy  i n d u c t i o n / a d a p t a t i o n  
pe r iod  i s  requ i r ed  f o r  IGT-S7 t o  u t i l i z e  o rgan ic  s u l f u r  sou rces .  

When t h e  same b a c t e r i a l  c u l t u r e  is grown wi th  e i t h e r  DBT o r  

IGT-S7 is capable  of  u t i l i z i n g  a v a r i e t y  of o rgan ic  compounds a s  s u l f u r  
sou rces  inc lud ing ,  b u t  not  l i m i t e d  t o ,  dibenzothiophene,  dibenzothiophene 
s u l f o x i d e ,  dibenzothiophene s u l f o n e ,  t h i a n t h r e n e ,  t h ioxan thene ,  and t r i t h i a n e .  
While a l l  of t hese  compounds can be used a s  s u l f u r  sou rces  by IGT-S7, t h e  t ime 
r equ i r ed  t o  ach ieve  maximal c e l l  growth i s  longe r  t h a n  when s u l f a t e  i s  , 

presed t  . 
Pathway B a r e  t e s t e d  in t h e  s u l f u r  b i o a v a i l a b i l i t y  a s s a y ,  t h e  v a s t  m a j o r i t y  of 
t h e s e  c u l t u r e s  show no growth whatsoever i n  excess  of t h a t  observed i n  t h e  
"no-sulfur con t ro l s . "  TG-232 is capab le  of u t i l i z i n g  DBT a s  a s u l f u r  sou rce ,  
bu t  i t  never  grows t o  more than  40% of t h e  maximum growth observed i n  t h e  
su l f a t e -con ta in ing  c o n t r o l s ,  even upon l eng thy  incuba t ion  and m u l t i p l e  
s e q u e n t i a l  subcu l tu r ing .  The s u l f u r  b i o a v a i l a b i l i t y  a s say ,  t h e r e f o r e ,  is a 
convenient  inexpensive method t o  compare q u a n t i t a t i v e l y  t h e  a b i l i t i e s  of 
b a c t e r i a l  c u l t u r e s  t o  u t i l i z e  o rgan ic  s u b s t r a t e s  a s  s u l f u r  aources .  

However, when b a c t e r i a l  c u l t u r e s  capable  of me tabo l i z ing  DBT by 

When IGT-S7 is used t o  t r e a t  c o a l ,  a s  much a s  25% removal of  o rgan ic  
s u l f u r  has  been observed. These r e s u l t s  a r e  encouraging,  bu t  o r g a n i c  s u l f u r  
removal e f f i c i e n c i e s  of abou t  90% a r e  r equ i r ed  i f  a mic rob ia l  c o a l  d e s u l f u r -  
i z a t i o n  process  is t o  be developed t h a t  is compe t i t i ve  with c u r r e n t  post-  
combustion d e s u l f u r i z a t i o n  t echno log ie s .  S i g n i f i c a n t  s t r a i n  improvement 
r e s e a r c h  i s  needed t o  enhance t h e  d e s u l f u r i z a t i o n  a c t i v i t y  i n  b a c t e r i a l  
c u l t u r e s ,  and p h y s i c a l  problems a s s o c i a t e d  with t h e  pre-combustion d e s u l f u r i -  
z a t i o n  of  c o a l  must be addressed i f  a v i a b l e  technology f o r  t h e  mic rob ia l  
removal of o rgan ic  s u l f u r  from c o a l  is t o  be r e a l i z e d .  

Sulfur- l imited cont inuous c u l t u r e  chemostats can be used t o  i s o l a t e /  
develop b a c t e r i a l  c u l t u r e s  capab le  of s u l f u r - s p e c i f i c  metabolism of  o r g a n i c  
compounds. S i m i l a r l y ,  t h e  s u l f u r  b i o a v a i l a b i l i t y  a s s a y  can be used t o  
eva lua te  q u a n t i t a t i v e l y  t h e  d e s u l f u r i z a t i o n  a b i l i t i e s  of b a c t e r i a l  c u l t u r e s  
and can a i d  i n  c u l t u r e  e v a l u a t i o n  and s t r a i n  improvement experiments.  I f  t h e  
g o a l  of developing a mic rob io log ica l  p rocess  f o r  t he  removal of s u l f u r  from 
c o a l  is t o  be achieved,  b a c t e r i a l  c u l t u r e s  with expanded and improved 
a b i l i t i e s  t o  d e s u l f u r i z e  o rgan ic  s u b s t r a t e s  a r e  needed. 
desc r ibed  i n  t h i s  paper  a r e  u s e f u l  t o o l s  t h a t  can h e l p  t o  ach ieve  t h a t  goa l .  

The t echn iques  
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Table 1. SUMMARY OF THE IDENTIFICATION OF DBT METABOLITES 
PRODUCED BY MICROBIAL DEGRADATION 

Most Complete 
Pathway A Pathway B Degradat ion 

Research Group Degradation Degradation Products  Observed* ----------- x ----------- 

Kodama et. 8 92 
Laborde 6 Gibson3 Minor Major 
Monticel lo  0 100 
Kilbane: TG-232 32 68 

IGT-S7 100 0 
Hou 6 Laskin' 0 100 
Malik 6 Claus'  0 100 
I s b i s t e r  6 Kobylinski '  100 0 

A l ,  83 
A l ,  B3 

B3 
A l ,  B6, B10 

A4 
B2 
B2 
A4 

* The des igna t ions  of A l ,  81, e t c .  r e f e r  t o  s t r u c t u r e s  included i n  t h e  
pathways presented i n  Figure 1. 

Table 2. GC/MS ANALYSIS OF BACTERIAL-DERIVED METABOLITES OF DBT 

The most abundant me tabo l i t e s  of DBT deg rada t ion  were analyzed by GC/MS. 
concen t r a t ion  of DBT was a r b i t r a r i l y  set a t  1.0, and t h e  c o n c e n t r a t i o n s  of 
me tabo l i t e s  were r epor t ed  r e l a t i v e  t o  t h e  concen t r a t ion  of DBT. The numbers 
i n  p a r e n t h e s i s  (AI,  81, e t c . )  r e f e r  t o  s t r u c t u r e s  inc luded  in t h e  pathways 
E s s e n t e d  i n  Figure 1. 

The 

Compound 

Dibenzothiophene 
( A 1  ) Dibenzothiophene-5-oxide 

( A 4 ) *  Dihydroxybiphenyl 
(A4)* Hydroxybiphenyl 
(83)  3-hydroxy-2-formyl-benzothiophene 
Biphenyl 
(B6) Benzothiophene 
Naphthalene 
(B4) Three isomers of  C(8)H(6)OS: 
(hydroxybenzothiophene) 

p lus  Phenoxathi in  

No. 1 
No. 2 
No. 3 

(B9) C(9)H(8)OS 
(B7) C(9)H(8)0(2)S 
(B5) C(9)H(6)OS 
C(IO)H(lO)OS o r  C(9)H(6)0(2)S 
(B10) C(8)H(8)0(2)S isomers a )  

b) 
Formula ( ? )  

T o t a l  Excluding DBT 

Mol. W t  

184 
200 
200 
186 
170 
178 
154 
134 
128 

150 
150 
150 
164 
180 
162 
178 
168 
168 
220 

TG-232 

1 
0.30 -- 
BDL** 
BDL 
0.21 
BDL 
0.016 
0.001 

0.01 
0.02 
0.048 
0.12 
0.067 
0.022 
0.035 
0.033 
0.025 
0.036 
0.94 

IGT-S7 

1 
1.8 

0.033 
59 
BDL 
0.001 
BDL 
BD L 

-- 

BDL 
BD L 
BDL 
BDL 
BDL 
BDL 
BDL 
BD L 
BDL 
BD L 
60.8 
- 

* z  Hydroxybiphenyl is t h e  t e rmina l  me tabo l i t e  in a modified A/"4S" pathway. 
BDL = below d e t e c t i o n  l i m i t .  
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F i g u r e  1 .  PROPOSED PATHWAY OF DBT DEGRADATION 

TURBIDITY, KLETT UNITS 
1000 

.... ._._...................-......-...I ...... 

100 

.. ....... __ ..... ..... ..... ........ .......... -. .- 

..... ............ _ _  .. ...... ... - . - .- .... ..... .. 

NO SULFATE + PLUS SULFATE 1 NO SULFATE + DBT -a- NO SULFATE + TRlTHl 

F i g u r e  2 .  GROWTH CURVES OF IGT-S7 U S I N G  ORGANIC AND INORGANIC SULFUR SOURCES 
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